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Abstract 
The (DSM) direct strength method [1] is used in order to predict the axial compression capacity of innovative cross-
section shapes for built-up columns from cold-formed steel (CFS) profiles. The proposed four composed shapes have been 
adapted in order to obtain members of increased strength-to-weight ratio. After excluding various buckling mechanisms 
from the columns response to compressive loads, highly stable members with reduced sensitivity to initial imperfections are 
obtained. DSM predictions are validated experimentally for the four built-up cross-sections types. The investigation shows 
that DSM could easily be extended towards composed members if provisions for members sensitive to global-distortional 
buckling interaction are included in the method. The good agreement with experiments also indicates that the proposed 
built-up assemblies are reliable and can be integrated into everyday construction practice.  
© 2012 Published by Elsevier Ltd.  Selection and review under responsibility of University of Žilina, FCE, Slovakia.  
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1. Introduction 
CFS members are often thin-walled, therefore local plate buckling and cross-section distortion result in 
preliminary failure if not incorporated in the design. Previous studies on built-up CFS members [2-3] showed, 
however, that along with buckling, fastener flexibility also affects the member stability and strength, especially 
when bolts are used to interconnect the profiles and clearances are provided to ensure ease of assembly. 
 
The additional flexibility due to slip in connections further complicates the development of a suitable design 
method for built-up CFS members. The Effective Width approach (available in structural design codes 
worldwide) aims to derive a number of geometrical characteristics (moments of inertia, torsion and warping 
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constants) of the cross-section. Yet, these cannot be obtained for a built-up CFS section without executing full-
scale tests [3]. Therefore, the reliable analytical prediction of the capacity of such members seems impossible. 
 
Nomenclature 
Pcrl minimum elastic column buckling load in local buckling Pcrl = A.σcrl 
Pcrd  minimum elastic column buckling load in distortional buckling Pcrd = A.σcrd 
Pcre minimum elastic column buckling load in flexural, torsional, flexural-torsional buckling Pcre = A.σcre 
A cross-section area 
σcrl lowest elastic local buckling stress for the respective profile and built-up shape 
σcrd lowest elastic distortional buckling stress for the respective profile and built-up shape 
σcre lowest elastic overall buckling stress for the respective built-up shape 
Py squash load Py = fyA, with yield strength fy equal to 390 N/mm2 for steel grade S390 
Pn nominal axial strength of the member, minimum of Pne, Pnl, and Pnd 
I resistance (safety) factor, as given in [4]  
Pnl, Pnd, and Pne nominal axial strength for local, distortional and overall buckling 
DSM has been formally adopted in [4] since 2004, as a more general and straightforward alternative to the 
Effective Width approach for the design of CFS columns and beams. The method follows from the observation 
that the buckling strength of a thin-walled member can be directly derived in function of the theoretical elastic 
buckling loads that trigger local (Pcrl), distortional (Pcrd) and overall instability (Pcre) in the idealised member 
(without initial imperfections or residual stresses). DSM is a method that incorporates many of the complicated 
buckling phenomena in single thin-walled members into a design method as simple and as familiar as possible. 
Yet, it is an empirical approach, calibrated to work only for cross-sections previously investigated [1]. 
 
The formulation in the form Pn = f(Pcrl, Pcrd, Pcre, Py) has been validated experimentally on a series of C, Z, 
Σ, hat and rack sections, and resistance (safety) factors I have been provided in [4] for a number of single 
cross-section shapes. DSM adopts the column curves approach for global buckling, extended towards local and 
distortional instability limit states with appropriate consideration of the post-buckling reserve and the 
interaction between local and overall buckling [1].  
 
The authors propose a design approach that uses elastic buckling solutions (worked out in the finite strip tool 
CUFSM [5]), the equations of DSM, and a certain number of additional assumptions to derive the ultimate 
loads for four built-up section types. The results of the study are presented in the following paragraphs. 
 
2. The advantages of built-up members  
Built-up CFS members usually have symmetric cross-sections, higher strength and better resistance against 
out-of-plane movement. Because the production method remains unchanged, composed CFS members are a 
relatively cheap alternative to single profiles, which easily fail in overall buckling, if not laterally supported. 
Built-up solutions are adopted in practice, regardless of the lack of design rules to predict the member strength. 
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The presented research would like to show that columns with substantially increased overall capacity can be 
integrated in daily practice through proper design and insight into the behaviour of such members. 
 
The research findings are validated experimentally on four cross-section shapes, shown in Figure 1b. 
Compression tests are performed on 9 columns (length 3.0 m, section dimensions as given in Figure 1) [6]. 
 
3. Prediction of the axial capacity according to DSM 
 
The four built-up shapes are analysed in the open-source software tool CUFSM [5] (based on the finite-strip 
method (FSM)). The interconnection between the profiles is modelled as rigid constraints at the bolt locations. 
As bolts are only present discretely along the length of the column, in reality, bolt spacing should be adjusted to 
interfere with any distortion effects propagating in the single shapes between the bolts.  Longitudinal (in the 
axial direction of the columns) degrees of freedom are not coupled, in order to allow for slip between the 
profiles within the section. This slip is inevitable if bolt clearances (1-2 mm) are provided [2]. 
 
 
Figure 1. Investigated composed cross-sections: a) cross-section dimensions – Σ, Z, channel and track profiles; b) built-up cross-sections 
The FSM linear buckling solutions are examined for the composed assemblies. The lowest bifurcation loads 
for local (LB), distortional (DB) and overall buckling (OB) are derived for each profile in the composed 
sections separately (listed in Table 1 with mode shapes and respective half-wavelengths shown in Figure 2).   
Table 1. Elastic buckling stresses for LB, DB and OB; predicted capacity of the cross-section components, according to [4] (Pn underlined) 
Built-up shapes Profile Pn,single Py σcrl  σcrd σcre Pne Pnl Pnd 
[kN] [kN] [N/mm2] [N/mm2] [N/mm2] [kN] [kN] [kN] 
2xZ200+C145 Z -section  35.1 222.32 88.29 317.93 362.57 141.73 84.38 153.18 
C-section 49.9 223.63 216.52 278.04 362.57 142.56 115.75 145.29 
2xΣ200+2xTr195 Σ-section 51.9 229.06 471.60 585.55 481.20 163.16 >163.16 199.05 
Track section 27.0 240.49 340.08 709.04 481.20 171.30 155.53 221.05 
a) 
b) 
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2xBOXxΣ200+Tr195 Σ-section 51.9 229.06 505.59 989.52 106.01 54.61 >54.61 219.95 
Track section 27.0 240.49 340.01 854.64 106.01 57.32 >57.32 230.92 
2xΣ200+2xC145 Σ-section 51.9 229.06 499.01 633.87 290.05 130.48 >130.48 203.99 
C-section 49.9 223.63 220.51 633.87 290.05 127.38 108.01 199.15 
 
The minimum local and distortional buckling stress are obtained for each profile in question, therefore 
higher mode shapes are also considered (the first buckling mode shape is plotted in Figure 2, unless specified 
otherwise). The overall buckling stress is taken from the lowest mode shape that appears at half-wavelength 
3000 mm (column length). The obtained buckling loads are substituted into the DSM equations. The columns 
overall resistance Pn is taken as the lowest between Py, Pne, Pnl and Pnd (listed in Table 1). The method allows 
predicting the prevailing failure mechanism and possible mode interaction by a comparison of the buckling 
loads (or stresses) for the different mode shapes. The squash load Py has been obtained at yield strength 390 
N/mm2 (nominal for steel grade S390) in order to obtain a prediction, relevant to an actual design situation.  
 
Evaluating the resistance of a built-up CFS member as the sum of the resistances of the individual profiles is 
not representative of the actual structural response of such members. DSM is used to obtain the ultimate 
capacity of the single shapes, analysed as such in CUFSM. In Table 1, the capacity of single profiles is listed as 
Pn,single. The sum of Pn,single for all the profiles within a composed section is  given in Table 2, so that it can be 
compared to the capacity of the built-up member obtained from the proposed method and from experiments. It 
is clear that unless a methodology for the design of built-up members is settled upon, a serious underestimation 
of the ultimate capacity of such members is going to perpetuate in cold-formed steel design worldwide.  
 
Pronounced overall-distortional buckling interaction is indicated for the 2xΣ200+2xTr195 columns (see 
shape at half-wavelength 3.0 m in Figure 2). Such interaction can result in reduction in the axial capacity for 
this column type (also seen in the test results). OB-DB interaction is unaccounted for in DSM in its current 
version.  




area   
Predicted ultimate capacity Pn Experimentally obtained ultimate capacity  
Single sections Built-up sections Test 1  Test 2  Test 3  
[mm2] [kN] [kN] [kN] [kN] [kN] 
2xZ200+C145  1713.5 70.28 (120.131) 168.76 (284. 511) 170.20  180.66 183.18  
2xΣ200+2xTr195  2407.9 157.64 637.38 591.03  580.63  608.19  
2BOXxΣ200+Tr195  2407.9  157.64 223.86  279.40  255.79  232.642  
2xΣ200+2xC145  2240 .4 203.40 476.98  510.95  489.49  502.98  
 
The DSM expression for the nominal axial strength in distortion Pnd has been written in function of the 
squash load Py (see eq. 1 and [4]). One way to take into account distortional-overall buckling interaction is to 
express Pnd as a fraction of the nominal axial strength for overall buckling Pne, (see eq. 2). Additional testing is 
required to recalibrate the current equation for Pnd for the case of such interaction. Also, the overall-distortional 
 
1 No load is directly applied the C-section in the tests; 50x50 mm2 holes are provided in the C-section web to allow assembly 
2 Test not completed, additional increase in capacity should be expected 
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buckling mode shape at 3.0 m should be adopted to derive the distortional buckling stress (481.20 N/mm2 
instead of 709.04 N/mm2), regardless of the large half-wavelength at which this mode appears. The large 
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Figure 2. Elastic buckling stress in N/mm2 (obtained from FSM) and corresponding half-wavelengths in mm for each profile in the sections 
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4. Experimental programme 
Nine compression tests are performed to evaluate the proposed prediction method [7]. Particular attention is 
paid to the used end connection pieces, so that these represent to a maximum extent a column configuration in 
practice. Bolted (M12) columns bases are manufactured from hot-rolled steel 6 mm plates and 20 mm base 
plates. The bases are bolted to the profiles at their ends over a region of 120-240 mm along the length. The 
bolts work in shear. The bases provide additional stiffening at the ends, which may change the response in 
overall buckling. However, no lateral movement is observed in the tests, therefore, no modifications to the 
buckling lengths are made. The column base effect on LB and DB is limited. The bases ensure boundary 
conditions similar to the ones in the FSM models, where every strip is simply supported and warping of the 
profiles is not restrained. In the tests, bolt-slip allows the profiles to warp freely. To improve buildability of 
2xZ200+C145 columns, the C-profile is not bolted to the end connections and no load is directly applied to it. 
Also, 50x50 mm2 holes are made in the C-profile web in order to access the interconnecting bolts. Strain gauge 
data confirmed that stresses in the C-profile in the three tests remain lower than a maximum of 9-20 N/mm2. 
 
The experimental results are listed in Table 2. For the 2xΣ200+2xTr195 columns, the modifications 
mentioned in §3 and eq.2 result in reduced predicted resistance Pnd = 139.21 kN of the track profile, and a 
nominal axial capacity of the built-up column 2xΣ200+2xTr195 Pn equal to 604.74 kN, instead of 637.38 kN. 
This prediction is more representative of the capacity, measured during the experiments.  
 
Special attention should be paid to cases where a clear distortional-overall buckling interaction is indicated. 
DSM translates a complex non-linear problem into semi-empirical relations between the nominal strengths in 
LB, DB and OB, and the axial capacity of the column. Therefore, a recalibration of the DSM equations can be 
done for members sensitive to overall-distortional interaction. Also, resistance factors I should be defined for 
new built-up section shapes. Test results suggest that the current factor for sections that are not pre-qualified 
(0.8 for rational engineering analysis [4]) is too conservative for the shapes presented in this paper.  
5. Conclusions 
The normal force capacity of columns with built-up cross-section shapes from CFS profiles is evaluated 
according to the direct strength method. Linear buckling analysis solutions from the finite strip method 
software CUFSM are used to derive the critical loads in local, distortional and overall buckling. The good 
agreement with experimentally obtained normal capacities suggests that a similar design methodology can be 
adopted in structural standards for built-up CFS columns. Despite many uncertainties with such members – 
various buckling effects, initial imperfections, residual stresses and unknown material properties, the columns 
sustained substantially increased loads and showed a repeatable response with scatter in the ultimate resistance 
between identical specimens lower than 4.5 %, which is very low for CFS members in general. 
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